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Abstract 
Molecular Simulations of Monomeric sarcosine oxidase 
Shyno Mathew  
Advisor: Prof. Cameron F. Abrams 
 
Monomeric sarcosine oxidase (MSOX) is a flavoenzyme that catalyzes the oxidation of 
sarcosine to form formaldehyde, glycine and hydrogen peroxide. MSOX also reduces 
molecular oxygen. There is no channel detected by experiment that transports oxygen 
from the protein surface to the buried active site for oxygen reduction. The main purpose 
of this work is to determine the oxygen transport channels in MSOX using molecular 
simulations. Here we used two methods: Molecular Dynamics (MD) and Single-sweep 
free energy reconstruction. Our results show that there exist two different pathways to the 
oxygen activation site: the so called si-side and re-side entry pathways. Between these 
two, the si-side entry pathway is more thermodynamically favorable. This highlights the 
efficiency of MSOX because the substrate and O2 access the catalytic center via two 
distinct pathways. 
 
 
1 
 
Chapter 1: Introduction 
 
Enzymes play a vital role in biochemical processes by catalyzing reactions that 
degrade nutrient molecules, and conserve and transform chemical energy. Most enzymes 
are proteins; a small fraction is comprised of RNA. Some inheritable genetic disorders 
are caused by a deficiency or total absence of one or more enzymes 
1
. For catalytic 
activity, some enzymes require chemical groups called „cofactors‟ or „coenzymes‟ or 
both. Cofactors are inorganic ions like Fe
2+
, Mg
2+
, Cu
2+
 etc. whereas coenzyme is a 
complex organic or metalloorganic molecule. A prosthetic group can be defined as a 
cofactor or coenzyme that is very tightly or even covalently bound to the enzyme 
1
. 
Typically, enzyme-catalyzed reactions are confined to a pocket on the enzyme called the 
active site which specifically binds the substrate. The substrate can be defined as the 
molecule upon which the enzyme acts. Enzymes are classified into six main classes and 
many subclasses according to the reactions they catalyze: oxidoreductases, transferases, 
hydrolases, lyases, isomerases and ligases. Oxidoreductases catalyze reactions involving 
transfer of electrons (via hydride ions or hydrogen atoms).  
Flavoenzymes are oxidoreductases consisting of a flavin mononucleotide (FMN) 
or flavin adenine dinucleotide (FAD) cofactor. Some of the biological functions of 
flavoenzymes include energy transduction, chromatin remodeling, DNA repair, apoptosis, 
protein folding, detoxification, neural development, bio-degradation, etc. 
2
. Because of 
their potential application in the pharmaceutical, food, and chemical industries, there is a 
great interest in identifying the structural and mechanistic properties of flavoenzymes. 
Generally, flavoenzymes can be divided into three main categories: dehydrogenases, 
monooxygenases and oxidases. Among these flavoenzymes, dehydrogenases have little 
2 
 
or no reactivity with oxygen. Flavoprotein monooxygenases react very rapidly with O2 
molecules by forming a flavin adduct intermediate, and they insert one oxygen atom into 
the substrate while the other oxygen atom is reduced to water 
2
. Flavoprotein oxidases 
convert oxygen to hydrogen peroxide (H2O2) without forming any catalytic intermediates 
in most cases. The wide variety of chemical reactions catalyzed by flavoenezymes is due 
to their ability to control the reaction of the O2 molecule with flavin cofactor. However 
the ability of flavoenzymes to react with oxygen is poorly understood 
3
. 
Monomeric sarcosine oxidase (MSOX) is a 43.8 kDa two domain protein 
consisting of 385 amino acid residues and a covalently bound flavin adenine dinucleotide 
(FAD). The presence of FAD makes this protein a flavoenzyme. Prof. Marilyn Schuman 
Jorns (Department of Biochemistry, Drexel University) and her team determined the 3-D 
atomic structure of MSOX from Bacillus sp. B-0618 using X-ray crystallography. This is 
also one of the first reported structures among bacterial and mammalian enzymes which 
has a covalently bound flavin and oxidizes a secondary or tertiary amine 
4
.  
MSOX catalyzes the oxidation of sarcosine (N-methylglycine) as shown below to 
form formaldehyde, glycine and hydrogen peroxide 
4
: 
𝐶𝐻3𝑁𝐻𝐶𝐻2𝐶𝑂𝑂𝐻 + 𝑂2 + 𝐻2𝑂 ⟶ 𝐻𝐶𝐻𝑂 + 𝑁𝐻2𝐶𝐻2𝐶𝑂𝑂𝐻 + 𝐻2𝑂2   (1.1) 
  In addition to the above reaction, MSOX reduces molecular oxygen. This redox 
reaction scheme is mediated by electron transfer through the flavin rings of the FAD, 
which shuttles between reduced (FADH-) and oxidized (FAD) states as shown in Figure 
1.1. 
MSOX belongs to a family of eukaryotic and prokaryotic enzymes catalyzing similar 
oxidative reactions.  Heterotetrameric sarcosine oxidase (TSOX), glycine oxidase (GOX), 
3 
 
D-amino acid oxidase (DAAO) and p-hydroxybenzoate hydroxylase (PHBH) are some of 
the other members of this family 
5
. 
As shown in equation 1.1, sarcosine oxidation is accompanied by formation of 
hydrogen peroxide, which is very useful in diagnostic as well as food applications. For 
instance, MSOX is used for the enzymatic measurement of creatine with creatinase. In 
the human body, creatine appears in the form of phosphocreatine and is a major 
component of blood, muscles and brain. The quantification of creatinine in the serum is 
important for assessing the renal function. The measurement of creatinine is performed 
by the following steps 
6
: 
 
Creatinine + H2O                           Creatine 
                              Creatinase 
Creatine + H2O                            Sarcosine + Urea 
                                        Sarcosine Oxidase 
Sarcosine + H2O + O2                                     Glycine + H2O2 +HCHO        
                                 Peroxidase   
 H2O2 + leuco dye                       colored dye + H2O  
Creatine concentration can also be determined by using sarcosine oxidase and 
formaldehyde dehydrogenase as shown in the following steps 
6
: 
                                        Sarcosine Oxidase 
Sarcosine + H2O + O2                                     Glycine + H2O2 +HCHO     
                                           Formaldehyde dehydrogenase 
 Glycine + H2O2 +HCHO                                                      HCOOH+ NADH +H
+
      
Schizophrenic patients treated with sarcosine suffer fewer side effects as compared to the 
regular treatments. This is because sarcosine acts as glycine transporter-1 inhibitor. Hence 
various research groups are investigating the possibility of a therapeutic approach using 
Creatininase 
4 
 
sarcosine 
7
.  
What makes MSOX unique compared to other flavoenzymes is the highly basic 
environment surrounding the flavin rings of its covalently bound FAD prosthetic. As 
shown in Figure 1.2, FAD is surrounded by basic resides including lysine, arginine and 
histidine.  
In MSOX, FAD is bound covalently to the residue Cys315 through an 8α-S-
cysteinal linkage. Also FAD is hydrogen bonded at position N (5) to Lys265 via bridging 
water. In MSOX, the sites for oxygen reduction and sarcosine oxidation are located at the 
opposite sides of the flavin ring: on si-face and on reface of the flavin respectively. 
Experiments show that the substrate accesses the catalytic site via the so called re-side 
entry pathway controlled by a loop Gly 56 to Glu 60 
8
. Also, experimental studies show 
Lys265 as the site of oxygen activation. Here the term oxygen activation refers to the 
accelerated rates of oxygen reduction 
8
. Lys265 was determined as the active site by 
comparing the β-sub unit of TSOX which shows approximately 20% sequence identity 
and structural similarity with MSOX 
8
. The sarcosine oxidation site in TSOX is similar to 
that of MSOX located above the re-face of FAD. However there are some significant 
differences between these structures like in TSOX FAD is non-covalently bound and 
reduced FAD does not react with oxygen in TSOX. Another difference is in the site of 
oxygen reduction located above the si-face of FAD. In MSOX the oxygen reduction site 
consists of basic residues Arg49 and Lys265 whereas these residues are absent in TSOX. 
The oxidation rate of reduced wild-type MSOX is about 2.83 ×10
5
 M
-1
 s
-1
 
8
. Because of 
this high reaction rate it is difficult to predict the oxygen transportation channel using 
regular experiments. Computer simulations can play a significant role here in identifying 
5 
 
the pathway by which oxygen accesses the buried active site. The purpose of this thesis is 
to identify oxygen transport channels in MSOX using molecular simulations.  The two 
major methods used are Molecular Dynamics (MD) and the Single-Sweep method. 
 Molecular simulations have been used previously by others to study diffusion of 
gas molecules in other proteins. For instance O2 diffusion in the monooxygenase 
component of p-hydroxyphenylacetate hydroxyalse using MD simulations 
3
. Very 
recently, Maragliano et al. published a study of CO diffusion pathways in myoglobin, 
determined using Single Sweep 
9
.  We have adopted their methodologies for the study of 
O2 diffusion in MSOX. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
6 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1: Oxidized and Reduced Structures of FAD 
7 
 
 
 
Figure 1.2: Crystal Structure of MSOX highlighting FAD and neighboring basic 
residues. View of the si-face of flavin. The van der Waals (space-filling) representations 
show the basic residues above the flavin ring. These residues are histidine 45 (shown in 
orange), arginine 49 (shown in pink), and lysine 265 (shown in Red). The CPK 
representations show the basic residues below the flavin ring, arginine 52 (White), 
histidine 345 (Green), histidine 269 (Purple) and lysine 348 (Red). Cystine-315 (white) is 
the residue to which FAD is covalently attached via a C-S bond. 
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Chapter 2: Methodology 
 
For this study, we conducted molecular dynamics (MD) simulations of MSOX using the 
NAMD package. NAMD is a parallel molecular dynamics code developed for simulating 
large biological systems.  
 Molecular simulation is generally a powerful approach to determine thermodynamic 
properties based on molecular models and is used widely in studying biological and 
molecular systems. Molecular simulations can act as counterparts to experiments. 
Molecular simulations generate configurational ensembles for averaging observables. An 
ensemble can be defined as the collection of all possible microstates that satisfy a 
particular macrostate.   
2.1 Molecular Dynamics Simulation 
 
MD simulation is a technique for computing the equilibirium and transport properties of a 
many-body system 
10
. MD simulation is a deterministic approach, meaning any future or 
past state of the system can generally be predicted from the current state. MD simulations 
can be connected to the ensemble average approach of elementary statistical 
thermodynamics through the ergodic hypothesis, which states that ensemble average and 
time average are equal, 
< 𝑓 > =  𝑝𝑖𝑓𝑖 =  
1
𝑇
 𝑓 𝑥 𝑡   𝑑𝑡
𝑡 ′ +𝑇
𝑡 ′
            (2.1) 
                                      𝑒𝑛𝑠𝑒𝑚𝑏𝑙𝑒 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 = 𝑡𝑖𝑚𝑒 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 
The basic idea of the ergodic hypothesis is that for a longer time period, all microstates of 
a system are equally accessible according to their equilibrium probability 
10
. MD 
simulations can sample from a variety of statistical ensembles: microcanonical ensemble 
9 
 
(NVE) which has constant number of particles (N), volume (V) and energy (E), canonical 
ensemble (NVT) where T stands for constant temperature, isothermal-isobaric (NPT) 
where P denotes constant pressure, grand canonical ensemble (µVT).  
In MD simulations, time-dependent atomic positions are updated explicitly in time 
following Newtonian mechanics, which states force (F) acting on a particle is the product 
of mass and acceleration: 
𝐹 = 𝑚𝑎        (2.2) 
Because forces for integrating particles are complicated non-linear functions of position, 
the equations of motion are solved using finite difference methods. The basic idea of 
finite differences is to break the integration into small steps. At time t, the force acting on 
a particle can be calculated as a vector sum of its interactions with other particles in the 
system. Then using equation 2, acceleration can be determined. By integrating the 
equation of motion one can compute a trajectory that describes the positions, velocities 
and accelerations of particles as they vary with time. A popular integration scheme and 
therefore used by NAMD is the velocity-verlet algorithm. In this algorithm, the position 
of a particle at time step (t+δt) is calculated from its position, velocity and acceleration 
from time step t. Then velocities at the half step (t+δt/2) are computed. From the total 
force on each particle, accelerations at step (t+δt) are calculated and finally the velocities 
at step (t+δt) are computed from velocities at half step (t+δt/2) and accelerations at step 
(t+δt). These steps are shown below: 
𝑟𝑖 𝑡 + δ𝑡 = 𝑟𝑖 𝑡 + 𝑣𝑖 t δt +
1
2
ai t δt
2     (2.3) 
𝑣𝑖  𝑡 +
1
2
δ𝑡 = 𝑣𝑖 t +
1
2
ai t δt                    (2.4) 
10 
 
𝑎𝑖 𝑡 + δ𝑡 = fi t + δt /mi                                (2.5) 
𝑣𝑖 𝑡 + δ𝑡 = 𝑣𝑖  𝑡 +
1
2
δt +
1
2
ai t + δt δt    (2.6) 
Since the velocity update is split by force evaluation, only one set of accelerations need to 
be stored for a particular time step, which makes this algorithm more efficient. This 
algorithm has been proven to be numerically stable than algorithms which rely on one 
acceleration either current or past for calculating velocities 
11
. 
MD simulation can be divided into 4 stages: sampling, minimization, equilibration and 
analysis. The first requirement for starting an MD simulation is to generate the system‟s 
initial configuration. For the initial coordinates of heavy atoms, we used the X-ray 
structure of MSOX (2GF3, pdb.org) and the hydrogen atoms were assigned using 
standard CHARMM topologies. At a certain temperature, the initial velocities are 
randomly picked from Maxwell-Boltzmann distribution: 
𝑝 𝑣𝑖𝑥  = (
𝑚𝑖
2𝑘𝐵𝑇
)1/2 exp  
−1
2
𝑚𝑖𝑣𝑖𝑥
2
𝑘𝐵𝑇
     (2.7) 
This equation shows the probability of atom i with mass mi to have a velocity v ix in the 
x-direction. The initial velocities are shifted so as to make the total momentum zero. The 
instantaneous temperature (T) can be estimated using the following equation, 
𝑇 𝑡 =
1
𝑘𝐵
 
𝑚𝑣𝑖𝑥
2 (𝑡)
𝑁𝑓
𝑁
𝑖=1
          (2.8) 
where Nf is the number of degrees of freedom and for a system of N particles, Nf =3N-3. 
After setting the initial configuration, the system is solvated by adding water molecules to 
fill a box. The box size is such that the protein does not interact with its images in the 
neighboring cells when periodic boundary conditions are used. The main purpose of 
11 
 
including periodic boundary conditions is that it mimics the presence of an infinite bulk 
surrounding N particle system. So each particle interacts with all other particles in the 
same periodic cell as well as all other particles in other cells including its own periodic 
image 
10
. However to make the simulation more efficient, we need to truncate all 
intermolecular interactions beyond a certain distance. NAMD uses minimum image 
convention where we consider only the nearest image of a given particle when looking 
for collision partners 
12
. In order to neutralize the system, ions are added following the 
solvation step. Minimization uses a standard conjugate gradient method to move atoms to 
minimize total potential energy; this gets rid of any accidental overlaps.  
In MD simulations, calculating the force is the most computationally demanding 
part. Force is the negative gradient of potential energy: 
𝐹  𝑟  = −𝛻𝑈 𝑟       (2.9) 
Further, the potential energy can be expressed as the sum of potential energies due to 
bonded terms and non-bonded terms: 
𝑈 𝑟  =  𝑈𝑏𝑜𝑛𝑑𝑒 𝑑(𝑟 ) +  𝑈𝑛𝑜𝑛𝑏𝑜𝑛𝑑𝑒𝑑 (𝑟 )    (2.10) 
Our MD simulations use the CHARMM (Chemistry at HARvard Macromolecular 
Mechanics) force field to describe the potential energy of the particles. The energy 
function used in CHARMM is: 
 
𝑈 𝑟  =  𝐾𝑏(𝑏 − 𝑏0)
2
𝑏𝑜𝑛𝑑𝑠 +  𝐾𝑈𝐵(𝑆 − 𝑆0)
2
𝑈𝐵 +  𝐾𝜃(𝜃 − 𝜃0)
2
𝑎𝑛𝑔𝑙𝑒 +  𝐾𝜒 1 + cos 𝑛𝜒 − 𝛿  +  𝐾𝑖𝑚𝑝 (𝜑 −𝑖𝑚𝑝𝑟𝑜𝑝𝑒𝑟𝑠𝑑𝑖𝑕𝑒𝑑𝑟𝑎𝑙𝑠
𝜑0)
2 +  є[ 
𝑅𝑚𝑖𝑛 𝑖𝑗
𝑟𝑖𝑗
 
12
−𝑛𝑜𝑛𝑏𝑜𝑛𝑑 (
𝑅𝑚𝑖𝑛 𝑖𝑗
𝑟𝑖𝑗
)6] +
𝑞𝑖𝑞𝑗
є1𝑟𝑖𝑗
      (2.11) 
 
Here Kb, KUB, K𝜽, K𝝌 and Kimp are the bond, Urey-Bradley, angle, dihedral angle and 
12 
 
improper dihedral angle constants. Other variables b, S, 𝜽, 𝝌 and θ are bond length, 
Urey-Bradley 1, 3-distance, bond angle, dihedral angle and improper torsion angle 
respectively. The equilibrium values of these terms are depicted using subscript zero. The 
non-bonded terms arise from Lennard-Jones potential (second last term in equation 2.11) 
and Coulomb potential (last term in equation 2.11). The Lennard-Jones well depth is 
depicted as є and Rmin is the distance at the Lennard-Jones minimum. Also, qi is the 
partial atomic charge, is the effective dielectric constant and rij is the distance between 
atoms i and j 
13
. 
 An MD trajectory following strict Newtonian dynamics conforms to the 
microcanonical (constant NVE) ensemble. MD is often run at constant temperature by 
using modified dynamics. Various thermostats have been used such as Isokinetics, 
Berendson, Anderson, Langevin, Dissipative Particle Dynamics (DPD) and Nose-Hoover 
thermostats. NAMD uses the Langevin thermostat. For the Langevin thermostat, particles 
receive a random force (Wi) at each time step. Also the velocities of these particles are 
decreased using a friction constant (Γ). Considering these two ideas the equation of 
motion of a particle using Langevin thermostat can be written as: 
𝑚𝑟 𝑖 = −𝛻𝑖𝑈 − 𝑚𝛤𝑟 𝑖 + 𝑊𝑖 𝑡                         (2.12) 
Here Wi, the random force is determined using the fluctuation-dissipation theorem: 
 𝑊𝑖 𝑡 , 𝑊𝑗  𝑡
′  = 𝛿𝑖𝑗 𝛿 𝑡 − 𝑡
′ 6𝑘𝐵𝑚𝑇𝛤        (2.13) 
The main advantage of using the Langevin thermostat is that we can use larger time steps 
compared to NVE simulations. 
 MD simulations at constant pressure can be performed by allowing the volume of 
the simulation box to vary. NAMD uses the modified Nose-Hoover method for 
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controlling pressure [17]. The equations of motion in this approach are as follows: 
𝑟′ =
𝑝
𝑚
+  𝑒′𝑟                                                (2.14) 
𝑝′ = 𝐹 − 𝑒′𝑝 − 𝑔𝑝 + 𝑅                             (2.15) 
𝑉 ′ = 3𝑉𝑒′                                                      (2.16) 
𝑒" = 3𝑉/𝑊 (𝑃 − 𝑃0) − 𝑔𝑒𝑒′ + 𝑅𝑒/𝑊  (2.17) 
where W is the mass of piston, R is noise on atoms, Re is the noise on the piston and η is 
the period of oscillation. W, R, and Re are determined using the following equations: 
𝑊 = 3𝑁𝜏2𝑘𝑇                                          (2.18) 
 𝑅2 =
2𝑚𝑔𝑘𝑇
𝑕
                                     (2.19) 
 𝑅𝑒
2 =
2𝑊𝑔𝑒𝑘𝑇
𝑕
                                 (2.20) 
2.2 Temperature Accelerated Molecular Dynamics (TAMD) 
 
Temperature Accelerated Molecular Dynamics (TAMD) is an efficient way of sampling 
the  free energy surface in a set of collective variables 
14
. Collective Variables are 
functions of atom Cartesian coordinates, whose probability at constant temperature is 
proportional to the Boltzmann factors, 
𝑝(𝜃) ∝ 𝑒−𝛽𝐹 𝜃                    (2.21) 
Here p is the probability, β=1/kBT where kB is the Boltzmann constant. The free energy 
F(θ) is defined as, 
F θ = −β−1ln δ θ∗ − θ     (2.22) 
 TAMD samples the free energy surface of a system fast which otherwise takes infinite 
time in normal MD simulations. Also, in TAMD there is no restriction regarding the 
number or type of collective variables. Some features of TAMD as mentioned in the 
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article “Large-scale conformational sampling of proteins using temperature accelerated 
molecular dynamics” are 15: 
1. Retains atomistic details and explicit solvent 
2. Uses no target bias. 
3. Ensures that free energy surface is sampled correctly. 
4. Provide means to tune the degree of acceleration for rough characterization of the 
free energy landscape. 
5. Can implement on top of existing MD packages. 
An MD simulation in which collective variables (𝜽j
*
) are restrained to a particular value 
(𝜽j) obeys the following equation of motion: 
𝑚𝑖𝑥 𝑖 = −
𝜕𝑉(𝑥)
𝜕𝑥𝑖
− 𝑘   𝜃𝑗
∗(𝑥) − 𝜃𝑗  
𝜕𝜃𝑗
∗
𝜕𝑥𝑖
𝑚
𝑗=1
− γm𝒊𝑥 𝒊 + 𝜂𝒊 𝑡; 𝜷          (2.23) 
where mi is the mass of the atomic coordinate xi, V(x) is the inter atomic potential, 𝜅 is 
the spring constant, 𝛾 is the Langevin friction coefficient and 𝜂 is the white noise. White 
noise can be defined as a Gaussian process with mean zero and 
covariance  𝜂𝑖
𝑥 𝑡 𝜂𝑗
𝑥(𝑠) = 𝛿𝑖𝑗 𝛿(𝑡 − 𝑠) 
14
. The 𝜂 in equation 2.23 can be defined as, 
 𝜂𝑖 𝑡; 𝛽 𝜂𝑗 (𝑡
′ ; 𝛽) = 𝛽−1𝛾𝑚𝑖𝛿𝑖𝑗 𝛿 𝑡 − 𝑡
′                                               (2.24) 
TAMD is very similar to the restrained MD simulations obeying equation 2.23 except the 
restrained values are treated as slow variables that evolve according to their equations of 
motion like the diffusive equation shown below 
15
 :  
𝛾 𝑚 𝑗𝜃 𝑗 = 𝜅 𝜃𝑗
∗(𝑥) − 𝜃𝑗  + 𝜉𝑗  𝑡; 𝛽            (2. 25) 
where 𝛾 is the fictitious friction, 𝑚 𝑗  is mass, and the first term on the right hand side 
depicts the instantaneous force on variable θj,. The second term on the right hand side of 
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equation 2.25 corresponds to thermal noise at the fictitious thermal energy β-1 which is 
defined as, 
 𝜉𝑖 𝑡; 𝛽  𝜉𝑗 (𝑡
′ ; 𝛽 ) = 𝛽 −1𝛾 𝑚 𝑗𝛿𝑖𝑗 𝛿 𝑡 − 𝑡
′          (2.26) 
If we choose large γ  in order to make the slow variables slow (θ moves slower than x) 
and large κ such that 𝜃∗𝑥 𝑡 ~𝜃(𝑡) for any given time, the force acting on θ is 
approximately equal to the negative gradient of free energy as shown below:  
  
𝛾 𝑚 𝑗𝜃 𝑗 = −
𝜕𝐹(𝜃)
𝜕𝜃𝑗
+ 𝜉𝑗  𝑡; 𝛽            (2.27) 
A trajectory θ t  which moves at artificial temperature 1/𝛽  can be generated y 
choosing large γ  and large κ. By having the artificial temperature higher than 
physical temperature (1/𝛽  >1/β , the trajectory can visit regions where free 
energy is low even though these regions are separated by barriers that would 
require long times to cross at the physical temperature 16. 
2.3 Single-sweep Method  
 
Free energy calculations are very important in studying macromolecules as free energy is 
the driving force behind structural processes like ligand binding, protein-protein 
association, conformational changes etc. For our work we used the Single-sweep method 
for calculating free energy associated with O2 in MSOX following Maragliano 
9
. The free 
energy (or potential of mean force) for a system with n degrees of freedom can be written 
as 
𝐹  𝑧 = −𝛽−1𝑙𝑜𝑔 𝑒−𝛽𝑉 (𝑥)𝛿 𝜃 𝑥 − 𝑧 𝑑𝑥   (2.28)  
where 𝐹  𝑧  is the PMF, V(x) is the potential energy of the system and z Є RN. Also, the 
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negative gradient of PMF is the mean force, shown below: 
𝑓 𝑧 = −𝛻𝑧𝐹  𝑧         (2.29) 
Single-sweep consists of 2 independent but complimentary steps. During the first step, 
TAMD sweep quickly through the relevant regions of free energy landscape so as to 
identify points for computing the mean force. We used TAMD to sample positions of O2 
molecule in MSOX. In the next step, free energy is reconstructed from the mean force by 
representing the free energy using radial basis functions  
16
.  
Once the TAMD is done, we took a set of points along the accelerated trajectory to 
calculate the mean force. Then starting with z1= z(0), we deposited a new center zk along 
z(t) each time when z(t) reached a predefined distance d away from all previous centers. 
Then a simulation with z(t)= zk fixed using equation of motion shown in equation 2.30 
can be launched at each of the centers to compute the mean forces fk 
16
: 
𝑀𝑥 = −𝛻𝑥𝑉 𝑥 
− 𝜅  𝜃𝛼 𝑥 − 𝑧𝑘 ,𝛼 𝛻𝑥𝜃𝛼 𝑥 + 𝑡𝑕𝑒𝑟𝑚𝑜𝑠𝑡𝑎𝑡 𝑡𝑒𝑟𝑚𝑠 𝑎𝑡 𝛽
−1          (2.30)
𝑁
𝛼=1
 
𝑓𝑘 =
1
𝑇
 𝜅  𝑧𝑘 − 𝜃 𝑥 𝑡   𝑑𝑡
𝑇
0
                  (2.31) 
In equations 2.30, 2.31 𝜅 is used to avoid error associated with κ. 
After determining the centers and the mean forces at these centers, the PMF can be 
reconstructed using radial basis functions. Equation 2.32 shows the radial basis function 
representation of free energy, 
𝐹  𝑧 =  𝑎𝑘𝜑𝜎  𝑧 − 𝑧𝑘   
𝐾
𝑘=1
+ 𝐶     (2.32) 
where C is a constant for adjusting the overall height of  𝐹  𝑧 ,  . .   represents the 
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Euclidean norm in R
N. Here θ(u) denotes a radial-basis function with shape factor ζ. The 
height ak and RBF width ζ (ζ>0) in equation 2.32 are adjustable parameters and can be 
determined by minimizing over ak and ζ over the following function: 
𝐸 𝑎, 𝜎 =    𝑎𝑘 ′
𝐾
𝑘 ′ =1
𝛻𝑧𝜑𝜎  𝑧𝑘 − 𝑧𝑘 ′   + 𝑓𝑘  
2
(2.33)
𝐾
𝑘=1
 
For a particular ζ, the ak
*
 minimizing the above equation solves a set of linear algebraic 
equations whose coefficients have explicit expressions in terms of 𝛻𝑧𝜑𝜎  𝑧𝑘 − 𝑧𝑘 ′    and 
fk.  For details of minimizing equation 2.33, please refer the article Single-sweep methods 
for free energy calculations by Maragliano and Vanden-Eijen, 2008 
16
. 
The radial basis function is used because of the following reasons 
16
: the mean force data 
can be collected from anywhere in the sample as the centers zk need not to lie on a regular 
grid, this representation works well for any dimension, accurate representation of 
𝐹  𝑧  with small number of centers.  
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Chapter 3: Molecular Dynamics (MD) simulation Results 
3.1 Introduction 
 
For running typical bio-molecular MD simulations, one requires the following four files: 
1. Protein Data Bank (pdb) file: This file lists each atom inside the protein along with 
its 3D coordinates, and can normally be obtained from the website from the 
RCSB at www.pdb.org. 
2. Protein Structure (psf) File: This file contains information on the molecular 
topologies, including bonds, angles, dihedrals, impropers and cross-terms.  
3. Force field parameter file: As mentioned in the methodology chapter, we used the 
CHARMM    force field 
13, 17
.  
4. Configuration File: This file instructs the simulation package here, NAMD how to 
perform the simulation 
12
. 
The initial configuration was created using the file 2GF3.pdb, which contains the 
structure of MSOX including the oxidized flavin adenine dinucleotide (FAD) and in 
complex with its inhibitor, 2-furoic acid. Since the X-ray crystallography cannot resolve 
hydrogen atoms due to their small size, none of these pdb files contain hydrogen atoms of 
MSOX. Using psfgen package along with CHARMM topologies, the coordinates of 
hydrogen atoms were guessed. In addition to the hydrogen atoms, the proline side chains 
were also created using psfgen. The energy minimization step ensured the accuracy of 
these guessed co-ordinates. In the crystal structure histidine residue is designated as HIS. 
Since histidine is the only amino acid that ionizes at physiological conditions, it can have 
different protonation states in a protein 
12
. These states are designated in the topology file 
as HSD (δ nitrogen of histidine is protonated), HSE (ε nitrogen of histidine is protonated) 
and HSP (both nitrogens are protonated).  For our case, the residue name HIS was 
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changed to HSE. Also, CD1 (δ carbon) in isoleucine residue was renamed as CD, 
corresponding to the name from topology file. Using a water box of thickness 7 Å, we 
solvated the protein.  Ions were added to the system so as to make the overall protein 
charge zero. We added 18 sodium ions to neutralize the charge of the protein, -18. The 
ionization step generated the run-ready pdb and psf files and the run was initiated using a 
configuration file.  We created run-ready systems for MSOX both with and without the 
flavin. 
3.2 Results and Discussion 
 
We performed a 20 ns molecular dynamics run of MSOX. Using the Langevin 
thermostat with damping coefficient of 5ps
-1
, the temperature of the system was 
maintained at 310 K. The pressure was controlled using the Nose-Hoover barostat. All 
bonds involving hydrogen and any other atoms were set as rigid (non-vibrating) using the 
RATTLE algorithm. This allowed us to use a time step of 2 fs. In larger systems the 
slower vibrations like dihedral bending governs the behavior of the molecule more than 
quicker ones and hence it is allowable to fix the bonds involving hydrogen 
12
. We used 
periodic boundary conditions and full system electrostatics was computed using Particle 
Mesh Ewald (PME) method. Here we used a PME grid spacing of 1.0. The van der Waals 
and electrostatic interactions were cut off beyond 9 Å with the switching function taking 
effect at 8.5 Å. The system was energy minimized for 1000 steps. During the 
minimization step, the atom positions are changed until it reaches a local minimum in the 
potential 
12
. The initial co-ordinates of this run included 385 residues of MSOX without 
FAD.  
The rmsd and rmsf plots are shown in figures 3.1, 3.2 respectively. Using root 
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mean square deviation (RMSD) shown below, we can determine how much the system is 
equilibrated 
12
:  
𝑅𝑀𝑆𝐷  𝑣, 𝑤 =   
1
𝑛
  𝑣𝑖𝑥 − 𝑤𝑖𝑥  2 +  𝑣𝑖𝑦 − 𝑤𝑖𝑦  
2
+  𝑣𝑖𝑧 − 𝑤𝑖𝑧 2
𝑛
𝑖=1
    3.1  
where v, w are sets of n points. 
RMSD shows how much a structure deviates from the initial conformation. In RMSD, 
average displacement is taken over particles giving time specific values whereas in root 
mean square fluctuation (RMSF), average is calculated over time, giving a value for each 
particular residue.  
 Figure 3.1 shows that system is equilibrated after 5 ns. In the RMSF plot (Figure 
3.2), the fluctuations are uniformly distributed among all residues except between 
residues 187 to 193. These residues are highlighted in red in the Figure 3.3. These 
residues are more flexible because they belong to a group which doesn't have a defined 
secondary structure. The flexibility of the residues 187 to 193 is common for all the runs 
and is visible in all the RMSF plots. 
The radius of gyration is one way of measuring the shape of an object as shown 
below: 
𝑅𝑔
2 =
1
𝑁
 (𝑟𝑘 − 𝑟𝑚𝑒𝑎𝑛 )
2
𝑁
𝑘=1
       (3.2) 
where Rg is the radius of gyration and rmean is the mean position of monomers.  
For the crystal structure, the radius of gyration of the FAD pocket (considering residues 
within 4 Å of FAD) is 9.62 Å. After performing the 20 ns run, the radius of gyration for 
FAD pocket was found to be 10.23 Å. This indicates that FAD pocket is opening up very 
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little during the simulation in the absence of FAD. These results are shown in Figures 3.4, 
and 3.5. 
The main conclusion of the MSOX run without FAD was that the crystal structure is very 
stable. Also, the Lys265 drifts in the simulations as compared to the crystal structure are 
very large. One of the possible causes could be related to the oxidation state of N5 of 
FAD as Lys 265 is hydrogen bonded at position N(5) of FAD through a water molecule. 
To verify this we need to do simulations including oxidized flavin. Also, we observe that 
Lys265 fluctuates thermally by a significant amount due to side-chain fluctuations. As 
shown in Figure 3.6 the backbone at flavin tether point (Cys 315) and the backbone near 
Lys265 are not very flexible. But, the top and bottom part of protein has higher RMSF 
values indicating that it could undergo concerted displacements. So we performed a 10 ns 
MD run for MSOX with oxidized FAD. The rmsd and rmsf plots are shown as Figures 
3.7, 3.8.  
In Figure 3.8, in addition to the higher fluctuations of residues 187 to 193, we 
observed increased fluctuations for residues 383 384 and 385. These residues were 
Serine, Leucine and Glutamine respectively and are shown in Fig. 3.9.  
The next goal was to study the oxygen transportation in MSOX. Since the crystal 
structure of MSOX doesn‟t have oxygen, we had to incorporate the oxygen molecule into 
the protein for performing MD simulations. For incorporating the oxygen molecule, we 
defined an active site where oxygen will be placed. The active site was defined as a point 
as 4.1 Å away from the following three atoms: N-terminus atom of Lysine 265, Arg 49 
NH1 and FAD C6, as shown in Figure 3.10. Experimental results have shown that Lys 
265 is the oxygen activation site 
8
. 
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During the MSOX simulation with oxidized flavin, different water molecules entered and 
exited this active site. Among these water molecules, one water molecule occupied the 
active site about 68.8% of the time. To generate a system with an O2 molecule in this 
putative active site, the two hydrogen atoms of this water molecule were replaced by a 
single oxygen atom and using CHARMM topology files the co-ordinates of the added 
oxygen atom were guessed. Then an MSOX run with oxygen molecule was performed 
for 10 ns. To create the pdb and psf files containing oxygen molecule, we used the 
equilibrated co-ordinates of the 10 ns MSOX run with oxidized flavin.  
The RMSD and RMSF plots of MSOX run with oxidized flavin and bound O2 are shown 
in figures 3.11, 3.12. For the MSOX run with oxidized flavin and bound O2, we observed 
that oxygen molecule is moving very little as shown in Figure 3.13. In fact we observe 
that the oxygen molecule never leaves the protein during the 10 ns run. So we decided to 
do Temperature Accelerated Molecular Dynamics, TAMD 
14-15
 simulations to accelerate 
dislocation of the oxygen molecule from the protein. 
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                     Figure 3.1: RMSD plot of apo MSOX run for 20 ns 
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           Figure 3.2: RMSF plot of apo MSOX run for 20 ns 
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Figure 3.3: Mobile loop of MSOX shown in red and protein structure is shown as 
NewCartoon representation. The residues contributing to the mobile loop in this figure 
are: Threonine 187, Alanine 188, Asparagine 189, Glycine 190, Serine 191, Tyrosine 
192, Threonine 193. 
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Figure 3.4: The red tubular representation corresponds to the FAD pocket of crystal 
structure and blue tubular representation shows the FAD pocket after 20 ns run. FAD is 
shown as a blue Van der waal representation and protein is the Newcartoon 
representation. 
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                            Figure 3.5: Closer view of Fig.3.4 excluding protein.  
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Figure 3.6: Protein color coded according to RMSF values. The colors red, white and 
blue stand for the increasing order of fluctuations, red being the least flexible. The 
backbones of Lys 265 and Cys 315 are pointed out using arrows.  
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          Figure 3.7: RMSD plot of MSOX run with oxidized flavin. 
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            Figure 3.8: RMSF plot of MSOX run with oxidized flavin. 
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Figure 3.9: Flexible residues 383 to 385 shown in red tubular representation and flexible 
residues 187 to 193 shown in orange tubular representation. The yellow bond structure is 
FAD and protein is shown as cyan Newcartoon representation. 
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Figure 3.10: Active site for oxygen. Arginine 49 NH1 atom, FAD C6 atom and Lysine 
265 NZ atom are shown in orange, green and blue van der waals representation. The 
oxygen and hydrogen atoms of water (resid 6150) are shown in red and white van der 
waals representation. 
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           Figure 3.11: RMSD plot for MSOX run with oxidized flavin and bound O2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
34 
 
 
 
 
 
 
 
 
 
          Figure 3.12: RMSF plot for MSOX with oxidized flavin and bound O2. 
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        Figure 3.13: Distance oxygen moved from Active site. 
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Chapter 4: Prediction of O2 diffusion pathways using Single Sweep free energy    
reconstruction 
4.1 Introduction 
 
 The purpose of this chapter is to investigate O2 diffusion pathways in MSOX 
using the Single-Sweep method 
16
. Single sweep combines Temperature Accelerated 
Molecular Dynamics (TAMD) for generating a set of sample configurations at various 
locations in collective variable space with an off-lattice radial basis function 
reconstruction of the free energy.  Here, our collective variables are the Cartesian 
coordinates of the center of mass of the O2 molecule.  Our approach is very similar to the 
one used by Maragliano et al. in studying CO diffusion in myoglobin 
9
. 
4.2 Results and Discussion 
 
We first performed TAMD runs at four different fictitious temperatures: 6 
kcal/mol, 4 kcal/mol, 2 kcal/mol and 1 kcal/mol. For all the runs, we used the 
equilibrated coordinates of the 10 ns MSOX run with a bound oxygen molecule as the 
initial configuration. For fictitious temperatures 6, 4 and 2 kcal/ mol we performed 3 runs 
for each and for fictitious temperature 1 kcal/mol we ran 8 replicas. For all the runs we 
used κ=100 kcal/mol Å2 and γ= 50 ps-1. We used a time step of 2 fs for all the runs and 
the runs were terminated when the O2 molecule leaves the protein. All the other 
parameters were similar to MD simulations. We used rmsd values to check whether the 
accelerated motion of O2 molecule altered the structure of MSOX.  
The oxygen molecule came out of the protein in all the cases except during the run with 
fictitious temperature of 1 kcal/mol run. The results are shown in Figure 4.1. Figure 4.2 
specifically shows the distance O2 moved from the active site during the TAMD run with 
fictitious temperature of 1 kcal/mol. Here we chose the cut-off distance as 33.75 because 
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this is the minimum half-width of the water box. Similar to Fig.4.2, plots showing O2 
distance for each fictitious temperature are shown in appendix A. We conclude from these 
runs that the energy barrier associated with oxygen molecule escape from the active site 
is between 1 and 2 kcal/mol. 
4.3 Single Sweep Method 
 
As mentioned in the methodology chapter, single sweep consists of two main 
steps: sweeping the free energy space using TAMD for identifying points to compute 
mean force and calculating the mean force on these selected points. For doing single 
sweep we did a fresh set of 20 independent TAMD runs at fictitious temperature 6 
kcal/mol. For all the runs we used κ=100 kcal/mol Å2, γ= 50 ps-1 and a time step of 2 fs. 
All the 20 TAMD simulations ran for 1 ns each. RMSD plots were used to check whether 
the accelerated motion of the O2 molecule altered the structure of MSOX. As shown in 
Fig. 4.3, RMSD values were around 1.4 Å never exceeding 1.8 Å for all the 10 TAMD 
runs.  
After the TAMD runs, we identified the points where the mean force to be 
calculated in the following manner. First we joined the trajectories and then took a 
particular center of mass of O2 molecule as our starting point. Other points were taken by 
moving along the list of O2 locations and identifying if they are a prescribed distance d 
away from all the previous centers. For this case the prescribed distance is 2.5 Å and we 
used a tcl script to identify all the center of masses of O2 molecule. From the first 10 
trajectories, with this approach about 264 centers were identified. Among these 264 
centers some points were isolated from others and so we removed them as they wouldn‟t 
influence the results. As a result, we reduced the number of centers from 264 to 239. Fig. 
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4.4 shows the 239 centers chosen using d=2.5 Å.  We decided to increase by a further 10 
trajectories to provide a better sampling of O2 locations; the final number of centers was 
298. 
At these 298 centers, we calculated the mean force by simulating equation 2.30 
with z(t)=zk fixed and using equation 2.31. The duration of each mean force calculation 
MD trajectory was 500 ps. As mentioned in the methodology section, we reconstructed 
the PMF using the Gaussian radial basis functions. The optimal ζ value was found to be 
2.5 Å, at which the relative residual, defined as [E(a,ζ)/Ɛkfk
2
]
1/2 
  is 0.68 kcal/mol.  
The result of this calculation is F(z), the free energy as a function of the cartesian 
coordinates of the center of mass of the O2 molecule inside the protein.  This free energy 
field reveals features associated with stable O2 sites and pathways connecting them. 
Figures 4.5 to 4.8 show the isosurface for different free energy values.  
As a first step to determine minimal free energy paths (MFEPs), an MD system was 
generated with Xenon (Xe) atoms at each O2 location in the set. Then using the 
reconstructed map, the grid-forces feature of NAMD was activated, and the van der waals 
radii of the Xe atoms was set to zero.  Then, a 1000-step conjugate gradient minimization 
was run, and each Xe atom "fell" to its nearest free-energy minimum.  Among the 298 
initial O2 sites, 39 local minima in the map were found. Using tri-linear interpolation, the 
free energy at each site was determined from the map.  Figure 4.9 shows 39 local minima 
along with the protein structure. The lowest energy sites among these 39 local minima are 
shown as red spheres in Fig. 4.9. These lowest energy sites along with residues within 3 
Å are shown in Figure 4.10. The isosurface for different free energy values along with 39 
local minima are shown in figures 4.11, and 4.12.  
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The energy barriers associated with the previously identified metastable states (39 local 
minima) were calculated using the zero-temperature string method.  For each unique pair 
of minima, an initial string of 12 beads equally spaced between the two sites is evolved 
by letting the beads move down free energy gradients while keeping them equidistant 
from their neighbors along the string.  Each string converges to the so-called minimum 
free-energy path (MFEP) connecting its respective states.  Once the MFEP for a state-to-
state transition is determined, the barrier height is found easily by determining the 
maximum energy along the string.  In Fig. 4.13, we show a network of a subset of the 39 
sites which had collectively the lowest free energy (i.e., highest occupancies).  In this 
figure, each node, or state, is connected by edges showing the overall change in free 
energy (in going from lower to higher numbered sites), plus the forward and backward 
energy barriers, in kcal/mol. 
As shown in Fig. 4.13, the lower energy barriers are associated with the si-side entry 
pathways as compared to re-side entry pathways. Figures 4.14, 4.15 show the two side 
entry pathway of O2 in the protein structure. 
Experimental studies identify the sites for oxygen reduction and sarcosine oxidation to be 
located at the opposite faces of the flavin ring. The site of oxygen reduction is located on 
the si-face whereas the sarcosine oxidation site is located above the re-face of the flavin 
ring. Lys 265 located above the si-face of the flavin ring is identified as the site of oxygen 
reduction through mutagenesis studies 
8
. Since the oxygen reduction and sarcosine sites 
are located on opposite sides of the flavin ring, experimental results predict  that, oxygen 
can access the reduced flavin via the si-site entry pathway and thus avoiding the sterically 
crowded region above the re-face 
18
. There is no channel detected in the experiments that 
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transports oxygen from protein surface to the active site for oxygen reduction 
8
. However, 
experimental results show that, substrate accesses the sarcosine oxidation site through the 
so called re-side entry pathway, controlled via a loop (Gly 56 to Glu 60) 
8
. This expected 
path is observed in our studies as well and is designated as re-side entry (starting at 28 
and leading to active site or to site 8) in figures 4.13, 4.14, and 4.15. Here sites 8, and 28 
are located outside the protein. However, a slightly more thermodynamically favorable 
path is observed from the opposite side as shown in figures 4.13, 4.14, 4.15 designated as 
si-side entry (starting at 8 and leading to active site or to 28). This path is straddled by 
residues Thr 40, Arg 282 and Glu 283 as shown in Figure 4.15. 
4.4 Conclusion and Future Work 
 The entire study can be divided into four main parts: MD simulations with apo 
MSOX, MD simulations with oxidized flavin, MD simulations with oxidized flavin and 
bound O2, and single sweep free energy reconstruction. The MD of apo MSOX indicated 
that the structure is stable, barely fluctuating with a well-formed FAD cofactor binding 
cavity. We observed side chain fluctuations of Lys-265 in the MD simulations of apo 
MSOX and in MD simulations with oxidized flavin. MD simulations with oxidized and 
bound O2 showed that O2 does not unbind on 10 ns time scales. As a result we used 
Single-sweep, an enhanced sampling method to study O2 diffusion in MSOX. Our results 
showed two different pathways for O2 diffusion: re-side entry and si-side entry pathways. 
Between these pathways, si-side entry pathway is more thermodynamically favorable. 
Future work includes repeating the study with reduced flavin. 
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Figure 4.1: Distance O2 moved during TAMD simulations. Cut off distance 
(33.75 Å) is shown as thick black line. 
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Figure 4.2: Distance O2 moved during TAMD run with fictitious temperature of 
1 kcal/mol. 
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Figure 4.3: RMSD from 10 of the 20 TAMD runs. 
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Figure 4.4: The red spheres represent the centers chosen for calculating PMF. FAD is 
represented as yellow bonds and Lys 265 is the white van der waals representation. The 
protein backbone is shown in NewCartoon representation. 
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Figure 4.5: Isosurface shown as solid white representation for F=-32 kcal/mol. The 
oxygen molecules are shown as red spheres. The yellow bond representation is FAD and 
Lys 265 is shown as van der waals representation. 
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Figure 4.6: Isosurface shown as solid white representation for F=-30 kcal/mol. The 
oxygen molecules are shown as red spheres. The yellow bond representation is FAD and 
Lys 265 is shown as van der waals representation. 
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Figure 4.7: Isosurface shown as wireframe (white) representation for F=-20 kcal/mol. 
The oxygen molecules are shown as red spheres. The yellow bond representation is FAD 
and Lys 265 is shown as van der waals representation. 
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Figure 4.8: Isosurface shown as wireframe (white) representation for F=-10 kcal/mol. 
The oxygen molecules are shown as red spheres. The yellow bond representation is FAD 
and Lys 265 is shown as van der waals representation. 
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Figure 4.9: The 39 local minima are represented as spheres. The red spheres correspond 
to the lowest energy sites and protein backbone is shown in Newcartoon representation. 
FAD is shown as the yellow bond structure. 
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Figure 4.10: The lowest energy sites are shown as red spheres. The CPK representations 
correspond to THR 48(blue), ILE 50 (silver), GLU 57 (orange), PHE 100(white), PHE 
244 (white), MET 245 (white) and ALA 313 (green).The white van der waals 
representation is Cys 315 showing this is re-view of protein. 
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Figure 4.11: Isosurface shown as transparent white representation for F=-20 kcal/mol. 
The 39 local minima of xenon atoms are shown as spheres. The yellow bond 
representation is FAD and the protein backbone is shown as NewCartoon representation. 
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Figure 4.12: Isosurface shown as transparent white representation for F=-10 kcal/mol. 
The 39 local minima of xenon atoms are shown as spheres. The yellow bond 
representation is FAD and the protein backbone is shown as NewCartoon representation. 
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Figure 4.13: O2 migration pathways in MSOX. Here states 1, 4 correspond to the active 
site, and 8 and 28 are outside the protein. The energy barrier associated with each path is 
shown near the arrow indicating the direction of movement. The net free energy 
difference for each step (from lower numbered site to higher numbered site) is shown as 
ΔE. 
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Figure 4.14: Two-side entry pathway of O2 inside the protein. FAD is shown as yellow 
bond representation and van der waals representations correspond to Thr 40 (orange), 
Arg 282 (green), and Glu 283(purple), residues near si-side entry. Two residues of the 
loop controlling re-side entry (28) are highlighted as white (Glu 60), and blue (Gly 56) 
van der waal representation. The si-side entry (8) and re-side entry (28) are shown using 
arrows. 
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Figure 4.15: Closer view of the two side entry pathway. Active site is highlighted inside 
a rectangle.  
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Appendix A 
 
 
 
 
 
 
 
 
 
 
Figure A.1: Distance O2 moved during TAMD run with fictitious temperature of 2 
kcal/mol. 
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Figure A.2: Distance O2 moved during TAMD run with fictitious temperature of 4 
kcal/mol. 
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Figure A.3: Distance O2 moved during TAMD run with fictitious temperature of 6 
kcal/mol. 
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